Abstract-Caenorhabditis elegans increasingly is attractive as a toxicity test organism, particularly as a model system to study mechanisms of toxicity at a molecular level and the way that these lead to whole organism and population level effects. Inhibitions of growth, reproduction, movement, and feeding rate all have been proposed as sublethal toxicity endpoints. These endpoints are more sensitive than 24-h acute toxicity endpoints, but assays are much more time consuming, making them difficult to use in mass screening. The RNA/DNA ratio, after 48-h exposure to metals, has median effective concentration (EC50) values of 0.05, 0.6, 6.1, and 35 mg/L for Cu, Pb, Cd, and Zn, respectively. This makes it a slightly more sensitive toxicity endpoint than reduction of individual growth after 72-h exposure to the same concentrations. This facilitates the near-simultaneous assessment of sublethal toxicity in many nematode samples. The constant cell number of C. elegans means that different stages in the life history have very different RNA/DNA ratios even in the absence of toxins. So, RNA/DNA ratios can be used only on prereproductive, agesynchronized cultures. Assessing the sublethal toxicity of metals to C. elegans shows that it is sensitive particularly to Cu.
INTRODUCTION
The free living nematode Caenorhabditis elegans increasingly is attractive as an organism for toxicological studies [1] [2] [3] [4] [5] . It has a short life span (2-3 weeks), is easy to maintain in the laboratory, and can survive a wide range of pH. Its full genome sequence is available and, as a result, information rapidly is accumulating on its physiology and development, including a range of tools for examining gene expression.
A number of sublethal endpoints for toxicity testing with C. elegans have been proposed, including population effects [3, 6] , development [7] , morphology [8] , behavior [9] [10] [11] , and feeding [11] . These endpoints are more sensitive to metals than 24-h acute toxicity endpoints (see Table 1 ), but substantially more time consuming to measure. Thus, it will be difficult to use them in screening a large number of chemicals, multiple strains, or other assay conditions for chronic effects. Another situation where chronic assays may be required is in work using tools such as RNA interference (RNAi) to understand the molecular basis of toxicity or relatively subtle effects of particular genes. Ashrafi et al. [12] examined whether RNAi silencing of individual genes produced lethal or gross morphological effects. Sometimes within the apparent wild type RNAi phenotype, silencing a gene will impair individual performance in more subtle ways, and we need methods to quantify this.
Concentrations of RNA, RNA/DNA ratios, and RNA/protein ratios are among the many biochemical biomarkers that have been applied routinely for estimating growth rate, and physiological and nutritional conditions in organisms, especially in fish [13] [14] [15] . However, they have not been used as sublethal endpoints in C. elegans toxicity testing. Ratios of RNA to DNA are good predictors of individual growth rate * To whom correspondence may be addressed (a.grant@uea.ac.uk).
in larvae of Sciaenops ocellatus and Japanese anchovy larva [16, 17] . Well-fed copepods, depending on stages, have 15 to 50% more RNA per individual than those with limited food [18] . Here we show that RNA/DNA ratio provides a sublethal endpoint for toxicity testing that is a little more sensitive than individual growth measurements. More importantly, measurements can be carried out on a large number of samples simultaneously, for example in a multiwell plate. Therefore, it will provide a valuable tool for future analysis with C. elegans, especially for screening of multiple chemicals or large numbers of genes.
MATERIALS AND METHODS

Nematode culture
The bacteria stock (Escherichia coli, strain OP50) and the wild-type (N2) C. elegans used in this experiment were obtained from The Caenorhabditis Genetic Center, University of Minnesota, (Minneapolis, MN, USA). Caenorhabditis elegans was propagated on K-agar plates, with bacteria (OP50) as food [4] . Standard methods were used to harvest eggs and generate age-synchronized adult worms [1] , but nematodes were killed with 10% NaOH because we found that this gave higher egg recoveries than the more commonly used solution of NaOCl.
Metal stock solutions
All chemicals used in this study were analytical reagent grades purchased from Sigma-Aldrich Chemicals (Poole, UK), VWR (Lutterworth, UK), and Fisher Scientific (Loughborough, UK). The metals used were chosen because of their prevalence in the environment and the availability of toxicological data from C. elegans and other organisms. Stock solutions of CuCl 2 , ZnSO 4 , CdCl 2 , and PbCl 2 were used to make up test solutions. The range of nominal concentrations used was 0.005 to 40 mg/L Cu, 0.5 to 200 mg/L Cd, and 0.05 to 100 mg/L Pb and Zn, chosen on the basis of previously pub- Table 1 . Comparison between growth and RNA/DNA toxicity endpoints of Caenorhabditis elegans after 72-h exposure to four metals, and our own data on 24-h median lethal concentration (LC50). Growth and RNA/DNA lowest-observed-effect concentrations (LOECs) are lowest concentrations at which growth and RNA/DNA ratio, respectively, were significantly reduced relative to controls. Three final columns give data from the literature on other chronic endpoints, for comparison. EC50 ϭ median effective concentration
(mg/L) [6] 24-h movement EC50 (mg/L) [ 
Growth measurement
Length of the juveniles was measured after 24, 48, and 72 h. The method adopted was based on Mutwakil et al. [1] . Tests were carried out in K-medium [2] inoculated with OP50, using 24-well Falcon tissue culture plates (BD Biosciences, Franklin Lakes, NJ, USA). Stock solutions of Cd, Cu, Zn, and Pb were prepared in test tubes and dilutions made with K-medium containing washed OP50. One milliliter of each metal concentration was put into the test wells in triplicates. Two 3-d-old adult nematodes from an age-synchronized culture were transferred into each well. After 20 to 24 h, the adult nematodes were removed by micropipetting, leaving their offspring to grow in the medium. Each experiment was set up in triplicate. All liquid cultures were shallow to allow for sufficient aeration and were left in an air-conditioned room maintained at 20 to 23ЊC. At 24-h intervals one test well was sacrificed. A solution of 100 ml of 0.02% eosin (VWR) was dropped into each of the wells and incubated at 60ЊC for 1 to 2 h. This treatment resulted in straight, very visible, easily measurable dead worms. Length of at least five randomly chosen dead worms was measured for each time interval, using a stage micrometer with a graticule calibrated eyepiece, and the average length recorded. Concentrations in which the juveniles did not survive were discarded and the test repeated with a lower concentration. The average juvenile's length from repeated tests was calculated and the dose-response relationship plotted for the intervals. Tests in which the control died were discarded and then repeated.
RNA, DNA, and protein measurements
The assay protocol adopted was based on Caldarone et al. [19] , Buckley [20] , and Wagner et al. [18] . These studies quantified the RNA/DNA ratios of fish larvae, and some modifications were required. Hermaphrodite adult C. elegans contain a constant number of 959 cells. Most of these cells and, therefore, most of an individual's DNA, are formed within the first few hours of development, whereas RNA content of an individual increases as it grows. Thus, different stages in the life history have very different RNA/DNA ratios, even in the absence of any stressors. This means that RNA/DNA ratios cannot be used to assay properly or assess samples containing individuals of different ages. This problem, however, largely is overcome by using closely age-synchronized C. elegans cultures.
Six culture plates of gravid adult nematodes were used to generate age-synchronized cultures as described previously. After 36 h of growth at room temperature, juveniles were washed off the plates. Metal samples of the required concentrations were prepared with K-medium inoculated with OP50 grown in 2 X YT-Medium (Sigma-Aldrich) for 3 d. The final dilutions were made with K-medium containing the population of the 36-h-old nematodes. All preparations were made in 9-cm petri dishes. The plates were kept at room temperature and monitored for 40 to 48 h. After this period, contents of each plate were transferred to test tubes and allowed to settle under gravity, and the supernatant removed with Pasteur pipette. This helped to eliminate some of the debris and the first individuals of the F1 generation, which had just hatched, while leaving only the young adults in the pellet. The pellet was transferred to 1.5-ml eppendorf tubes and washed three times with Kmedium. The volume of each pellet was recorded. Tubes of the same volume were regarded as containing equal population of nematodes. Worm Lysis solution (0.1 M NaCl, 10 Mm tris HCl, 10 mM ethylenediaminetetraacetic acid, 1% sodium dodecyl sulphate, 1% ␤-Mercaptoethanol, and 100 g/ml proteinase K) with a volume about two times the volume of the worm and preheated to 60ЊC, was added to the eppendorf tubes containing the worm pellet. Digestion was carried for 20 min in a water bath heated to 60ЊC, with occasional agitation.
An aliquot of 200 l of the digested worm was transferred to 2 ml microcentrifuge tubes in triplicate. A volume of 450 l of 0.2% sarcosyl tris-ethylenediaminetetraacetic acid buffer (STEB) was added, mixed on a shaker, and then allowed to stand at room temperature for 30 min. One milliliter of STEB was added and tubes were centrifuged at 14,000 rpm for 15 min. Aliquots of the supernatant were taken for protein analysis and another 800 l aliquot was transferred to a 10-mm fluorescence cuvette and made up to 2.5 ml with STEB. A volume of 75 l of 0.1 mg/ml ethidium bromide was added and incubated at room temperature for 15 min. Each sample was shaken gently, but mixed thoroughly. Fluorescence of the samples and the control (75 l ethidium bromide plus 3 ml of STEB) were measured using an excitation wavelength of 365 nm, and an emission wavelength of 590 nm. The reading was recorded as the first fluorescence reading. A volume of 150 l of ribonuclease working solution (20 U/ml, Sigma-Aldrich), which had been thawed minutes earlier, was added to each. They were shaken to mix and kept at 37ЊC incubator for 30 min with occasional agitation. The fluorescence of the samples and controls after RNA digestion were taken and recorded as the second fluorescence reading. A volume of 150 l of deoxyribonuclease (Sigma-Aldrich) working solution (660 l 0.1 M MgCl 2 , 660 l 0.08 M CaCl 2 , and 450 l of 1U/l deoxyribonuclease) was added to each of the samples. They were mixed and incubated at 37ЊC for 30 min, and a third fluorescence reading was made. The remaining supernatants were kept frozen at Ϫ20ЊC for protein assay. The DNA concentration was determined from the change in the fluorescence from the second to the third fluorescence reading and RNA concentration from the first minus the second. Standard curves constructed using processed bovine RNA (concentration range 0.00-2.00 g/ml) and calf thymus DNA (concentration range 0.00-2.00 g/ml) consistently gave r 2 values of greater than 0.995. The DNA and RNA stock solutions (25 g/ml) were thawed and aliquots were diluted with 0.10% STEB. Three milliliters of each concentration and control were transferred to 10-mm disposable fluorescence cuvettes. A volume of 75 l of 0.10 mg/L ethidium bromide was added to each of them and mixed by gentle shaking and fluorescence measured after standing for 10 min at room temperature.
Measurement of total protein
The protein assay was performed according to Bradford [21] , with minor modifications to suit the nature of our test organism. The stock protein standard solution was diluted to concentrations of 1 to 20 g/ml in 0.15 M sodium chloride. One milliliter of each concentration was dispensed into 10-mm cuvettes in duplicate. Two milliliters of 100 mg/L Coomassie Brilliant Blue-250 solution (Sigma-Aldrich) was added to each and mixed thoroughly on a shaker for two min. After about 10 min of incubation at room temperature, the absorbance was measured at 595 nm. This gave a straight-line with r 2 -value of 0.993. For measurement of protein content of samples, the same procedure was carried out using 1 ml of the supernatant from aliquots of digested worms (above) and protein concentrations calculated from the standard curve.
RESULTS
The average control values for protein, RNA/DNA ratio, and growth were 52 Ϯ 21 g/L, 82 Ϯ 13, and 978 Ϯ 34 m, respectively. Figure 1 shows the effects of increasing metal concentrations on these three measures, expressed as a percentage of the control values. One-way analysis of variance showed a significant reduction in growth of juveniles at concentrations of 0.05, 5, 5, and 50 mg/L for Cu, Pb, Zn, and Cd, respectively. Between juveniles' growth, metal concentration, and the length of exposure there was a strong relationship. Also, there is a close relationship between RNA/DNA ratio and the growth rate of C. elegans as toxicant concentrations increase. However, the RNA/DNA ratio shows a decline before any decrease in individual growth rate, showing that the RNA/ DNA ratio is a more sensitive test endpoint than individual growth ( Table 1 ). The total RNA and protein concentrations of the various test replicates decreased considerably with increasing concentrations of the toxicants. By contrast, the total Environ. Toxicol. Chem. 24, 2005 U. Ibiam and A. Grant DNA concentrations remained relatively constant, reducing by a maximum of 15% from the highest to the lowest toxicant concentration, showing that the changes in RNA/DNA ratio do indeed reflect reduced metabolic activity rather than suppression of reproduction. Correspondingly, there was a statistically significant decrease in the RNA/DNA ratio and the total protein concentration as the concentrations of the metals increased. From the results of one-way analysis of variance, the effects on total RNA and RNA/DNA ratio were significant at concentrations: 0.005, 0.05, 0.5, and 5 mg/L for Cu, Pb, Zn, and Cd, respectively. Graphs of metal concentrations versus growth, protein (all as a percentage of the control value), and RNA/DNA ratio levels are shown in Figure 1 . Figure 2 shows the relationship between growth and RNA/DNA ratio. Figure  3 shows the relationship between growth, expressed as a percentage of the control value and total protein concentration using data on nematodes exposed to all four metals. Relationships between protein concentration and growth and between RNA/DNA ratio and growth were fitted using the three parameter logistic equation
where x is protein concentration or RNA/DNA ratio and a, b, and x 0 are constants estimated during the fitting process. The r 2 -values were 0.93 for RNA/DNA ratio and 0.91 for protein concentration. In each figure, the relationship essentially is identical for all metals. Protein concentration appears to be more sensitive than RNA/DNA ratio with respect to nematode growth at low concentrations of metals, but the RNA/DNA ratio declines more slowly than does protein concentrations at high concentrations of metals, meaning that the latter has a greater dynamic range. In addition, RNA/DNA ratio will be less sensitive to variations in initial amount of nematodes than protein concentrations and, thus, much easier to use in comparison across experiments. Copper exerts the highest effect, followed by Pb, Cd, and then Zn.
DISCUSSION
Although a number of studies have used sublethal endpoints in toxicity tests with C. elegans, we have found none that has been carried out concurrently with measurements of biomarkers, such as the RNA/DNA ratio, RNA, DNA, and/or protein concentrations. Perhaps this may be attributed to the high demand in labor and procedural details in conducting biochemical assays with C. elegans. In addition, the short life cycle of C. elegans makes it difficult to have a culture containing individuals all of the same age suitable for biochemical analysis such as the RNA/DNA ratio. However, biochemical biomarkers provide insight on the potential adverse effects of chemicals [22, 23] and provide an early warning of possible ecological effects in the future [24, 25] .
Our data agree to a large extent with studies finding a positive correlation between RNA/DNA ratio and growth and metabolic activities in other organisms such as Calanus species [18, 26] and fish [13, 14] . Also, our data on protein and RNA concentration correlate with Wagner et al. [18] , who reported a correlation of RNA concentrations with growth rate. At the cellular level, concentration of DNA can be considered relatively invariable, while levels of RNA can change depending on physiological cellular responses to stressors. Healthy and actively growing nematodes would be expected to have relatively higher RNA/DNA ratio and protein concentrations than physiologically stressed ones, although a low level of stress could produce a small increase in RNA concentrations as a result of the induction of protective enzymes or other proteins. In vertebrates, for instance, total DNA content is considered to represent the number of cells in an organism, regardless of growth rate or conditions, and growth normally involves proliferation of cells [27] . However, C. elegans contains about 959 cells, all of which are formed within the first 20 h of development [28] . Hence, juveniles have the same DNA content as adults. As a consequence, different developmental stages of C. elegans have different RNA/DNA ratios. This makes it difficult for RNA/DNA ratio to be used as an indicator of stress in samples containing individuals of different stages.
A summary of our own data and literature data on other chronic toxicity endpoints are presented in Table 1 . The RNA/ DNA ratio is a more sensitive toxicity endpoint than 24-h EC50 values for movement [6, 9] , feeding [6, 9] , behavior [11] , and reproduction (72-h) [6] . Despite the shorter exposure time, 48-h EC50 values for RNA/DNA ratio were lower than 72-h EC50 values for growth in the present study for Cu, Cd, and Pb, and only a factor of two higher for Zn. The RNA/DNA lowest observed effect concentrations were lower for Cu and Pb, and identical for the other two metals (Table 1 ). In terms of its technical and manpower requirements, the RNA/DNA ratio is more advantageous. Manual measurement of growth or reproduction under the microscope is tiring and time consuming. Moreover, length may not be a good reflection of the physiological state of the organism, but RNA/DNA ratio is [18, 20, 27, 29] . Image analysis and computer tracking on digital photographs have been used to measure growth, movement, behavior, and feeding in C. elegans [6, 9] . These methods are very fast, but require very high quality microscopes and digital cameras, and a high technical expertise to process the images. By contrast, RNA/DNA ratio requires only a fluorimeter and relatively straightforward laboratory procedures. One drawback of the approach is that RNA/DNA ratios may be used only as a measure of relative growth, whereas optical methods also can quantify effects on reproduction. In addition, the small size of nematodes means that only relatively large pooled samples can be used for the RNA/DNA ratio assay, but this will serve to average out differences between individuals in their response to a toxin.
CONCLUSION
We conclude that the method presented here is suitable for a large-scale sublethal endpoint testing in C. elegans, by facilitating the near-simultaneous measurement of sublethal toxicity in many nematode samples. It provides an equally or more sensitive toxicity endpoint in monitoring growth than the measurement of individual length. As in most other organisms, RNA/DNA ratio and protein concentrations are acceptable indicators of growth in C. elegans, but only in prereproductive, age-synchronized cultures. Thus RNA/DNA ratio could serve as a sensitive biomarker of growth and physiological condition in nonreproductive stage of C. elegans as DNA content of individual nematode increases only slightly after early development and remain constant after it has become an adult. In consequence, DNA concentrations change only slightly in response to toxicant exposure in our experiments. Provided starting number of nematodes in each assay are very similar, one could measure individual growth by quantifying protein concentrations and RNA or total nucleic concentrations alone. For example, one could measure fluorescence after adding SYBR Green II, which shows higher fluorescence when bound to RNA than to DNA. This method is useful in monitoring sublethal effects of metal stressors and, therefore, could provide a valuable tool for future analysis with C. elegans. Our data support the conclusions of previous work that C. elegans is particularly sensitive to Cu.
